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Blockade of Neurotransmission in Drosophila
Mushroom Bodies Impairs Odor Attraction,
but Not Repulsion
the mACT and oACT and completely bypasses the MB.
Manipulations of the MB have demonstrated its involve-
ment in olfactory learning and memory, but not in olfac-
tory avoidance behavior; however, only three odorants
have been tested [9–13]. Blocking synaptic transmission
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To delineate the functions of the MB and LH in olfac-Taiwan
R.O.C. tory processing, we targeted a shibirets1 (shits1) trans-
gene, which encodes a temperature-sensitive mutant3 Department of Anesthesia
University of Iowa College of Medicine homolog of dynamin [10, 11, 15] that is involved in syn-
aptic vesicle recycling [16], to MB neurons by using theIowa City, Iowa 52242
P-Gal4 enhancer trap system [17] and examined both
odor-driven repulsion and attraction behaviors. While
leaving activities in the LH neurons unaffected, expres-Summary
sion of shits1 in the MB acutely blocks synaptic transmis-
sion from MB neurons at restrictive temperaturesOlfaction can elicit a rich perceptual experience. It is
(29C), and the blockade is reversed at permissivenot known, however, whether olfactory information is
temperatures [10, 11]. We used two MB Gal4 lines, 201Ydecomposed into various components and processed in
and 238Y, which have been used in studies of MB func-distinct perceptual centers as in other sensory systems,
tion in olfactory learning and memory [11, 13, 18], forsuch as vision, where neural representations of differ-
directing expression of shits1 in the MB. As revealed byent visual sensations are segregated in different cortical
a green fluorescence protein (GFP), 238Y has extensiveregions [1, 2], despite the fact that multiple structures
expression in the MB, which is seen in the cell bodyof the primary olfactory cortex receive projections from
region (Figure 1B) and in all of the lobes (the axonalthe olfactory bulb [3]. Here, we use Drosophila as a
bundles of the MB) (Figure 1C), while 201Y expressionmodel to investigate whether different olfactory infor-
is relatively limited, occurring only in a subpopulationmation may be processed in separate brain structures.
of MB neurons (Figures 1B and 1C).Organizations of the peripheral olfactory system are re-
Flies are attracted to many odorants at low concentra-markably similar from mammals to insects [4]. As in
tions, but they are repulsed by the same odorants atvertebrates, the olfactory pathway in Drosophila fol-
high concentrations [19–21]. We exposed flies simulta-lows similar convergence and divergence [5], and
neously to air and an odor in a T-maze (see the Experi-multiple high-order structures in the Drosophila brain,
mental Procedures). Flies chose the odor side when anincluding the mushroom body (MB) and lateral horn
odor was attractive and the opposite side when an odor(LH) of the protocerebrum, receive olfactory input [6,
was repulsive. A performance index (PI) was calculated7]. We specifically blocked neurotransmission in the
based on the distribution of flies between the air sideMB while leaving the LH unaffected and examined its
and the odor side; negative PIs indicated repulsion andeffect on olfactory avoidance and attraction behaviors.
positive ones indicated attraction. Both the concentra-We show that blocking MB activity disrupted re-
tions of odorants used in this study and the PI scoressponses to attractive, but not repulsive, odors, and this
they produced were comparable to those obtained infinding suggests that attractive and repulsive olfactory
other studies with the same [14, 20] or similar [14, 21]information may be separately processed in higher
T-maze assays. Flies were repulsed by odorants at higholfactory centers of the Drosophila brain.
concentrations at both permissive (18C) and restrictive
temperatures (30C) (Figures 2A, 2C, 2E, 2G, and 2I).
Results and Discussion Raising the temperature from 18C to 30C did not
change the degree of repulsion by these odors in wild-
In the Drosophila brain, two high-order olfactory centers type flies or in 201Y/UAS-shits1 and 238Y/UAS-shits1 flies
in the protocerebrum, the mushromm body (MB) and that express shits1 in MBs (Figures 2A, 2C, 2E, 2G, and
lateral horn (LH), both receive olfactory input from the 2I). This finding indicates that the blockade of synaptic
antennal lobe (AL) (Figure 1A). Three separate tracts transmission from MB neurons exerted no effect on re-
formed by projection neurons (PNs) from the AL, the pulsion. This is in agreement with previous findings that
inner, medial, and outer antennocerebral tracts (iACT, fly avoidance of high concentrations of benzaldehyde
mACT, and oACT, respectively) [7, 8], link the AL with (BA), methyl cyclohexanol (MCH), and octanol (OCT) is
the protocerebrum. The major tract, iACT, terminates in not altered by either ablation of the MB [12, 22] or manip-
the LH, but it also makes synaptic contacts with MB ulation of MB activities [10, 11, 13]. Due to the influence
neurons en route. The LH receives direct input through of a different genetic background, it is essential to com-
pare changes between permissive and restrictive tem-
peratures for the same genotype.*Correspondence: zhongyi@cshl.org
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tion was diminished for the odors ethyl acetate (EA),
MCH, and mango (Figures 2B, 2D, and 2F), but it was
not significantly affected for the odors ethyl propionate
(EP) and BA at 30C (Figures 2H and 2J). The reduced
attraction at the restrictive temperature is not due to a
general temperature effect on fly behavior since, in wild-
type flies, odor attraction was not altered at 30C. The
difference in the effects on attraction in 201Y/UAS-shits1
and 238Y/UAS-shits1 flies at the restrictive temperature
is consistent with the extent of shits1 expression in these
flies. Compared to 238Y/UAS-shits1 flies, expression of
shits1 in 201Y/UAS-shits1 flies was limited to a small popu-
lation of MB neurons, as indicated in Figure 1. Possibly
none of the EP- and BA-activated MB neurons reside
within the 201Y-targeted neuronal population; thus, re-
sponses in these neurons and, therefore, attraction to
EP and BA are not affected at the restrictive temperature
in 201Y/UAS-shits1 flies. However, the EA-, MCH-, and
mango-activated MB neurons may partially overlap with
the 201Y-targeted neuronal population, and, therefore,
a partial effect on MB neuronal responses and attraction
to these odors can be seen in 201Y-shits1 flies.
Regardless of the differential effects on attraction in
201Y/UAS-shits1and 238Y/UAS-shits1 flies, it appears that
blocking MB neurotransmission specifically affects at-
traction, but not repulsion; this finding indicates that the
MB is responsible for mediating odor-driven attraction.
Since the MB and LH are the only two high-order brain
structures receiving olfactory input in Drosophila, that
leaves the LH to mediate repulsion. If the input to both
MB and LH is blocked, then both attraction and repul-
sion should be affected. Indeed, when we expressed
shits1 in the antennal lobes (AL), which supply input to
the MB and LH, both attraction and repulsion were abol-
ished when tested at 30C (Figure 3).
Based on these observations, we propose that olfac-Figure 1. Targeted Expression of Transgenes in MBs of the Adult
tory information is segregated and processed in parallelFly Brain
in the central brain: the MB processes attraction and(A) The olfactory pathway in the fly brain. Odor information detected
the LH processes repulsion, and a resulting behavior isby sensory neurons in the antenna is sent via antennal nerves (AN)
to antennal lobes (AL), then relayed by antennal lobe projection determined by the integration of the MB and LH outputs.
neurons to the central brain via inner, medial, and outer antennocer- However, since attraction occurs only at low odorant
ebral tracts (iACT, mACT, and oACT, respectively). The MB is a concentrations, while repulsion occurs at high concen-
bilateral structure that consists of neurons called Kenyon cells (KCs),
trations, an alternative explanation for the specific effectwhich are clustered dorsal-posteriorly. Axons of KCs converge and
on attraction by blocking MB activity is that odor-elicitedproject anteriorly to form the peduncle, which bifurcates dorsally
signals in the central brain are somehow more sensitiveinto / lobes and medially into / and  lobes.
(B) Expression patterns of 201Y and 238Y in the MB cell body region to disruption at low odorant concentrations. In other
examined with a reporter green fluorescent protein (GFP). Fluores- words, the differential effect on attraction and repulsion
cence was examined under a confocal microscope in whole-mount is simply a reflection of that on odorant concentrations.
brains, which were counterstained for the nucleus (shown in red)
One way to address this possibility is to use an odorantwith propidium iodide. Both Gal4 lines also have expression in a
that is attractive to flies at high concentrations. However,few non-MB neurons, which are scattered in areas surrounding the
we failed to identify one from a variety of odorants.MB cell body region.
(C) Gal4 expression in MB lobes. In line 201Y,  lobes are stained Instead, we found a situation in an odor mixture experi-
more strongly than  and  lobes, where only a narrow core region ment in which attraction still occurred at high odorant
is labeled. 238Y has strong labeling in all MB lobes. concentrations. We tested the preference of flies for
The scale bars represent 20 m in (B) and 40 m in (C). 10% BA and 10% BA  40% OCT. At these concentra-
tions, repulsiveness of either BA or OCT has already
Flies were attracted to odorants at low concentrations reached saturation. The saturation of repulsiveness is
(Figures 2B, 2D, 2F, 2H, and 2J). However, in contrast reached when PI becomes zero in the T-maze test, in
to the repulsion, the attraction was altered to various which flies are exposed to 1	 versus 2	 concentration
degrees in flies expressing shits1 when the temperature of the same odorant (Figures 4A and 4B). When forced
was raised from 18C to 30C. In 238Y/UAS-shits1 flies, to choose between 10% BA and 10% BA  40% OCT,
attraction to all odors tested was abolished or signifi- flies strongly preferred the mixed odor (Figure 4C). Since
the mixture of 10% BA 40% OCT should have a level ofcantly reduced at 30C. In 201Y/UAS-shits1 flies, attrac-
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Figure 2. Disruption of Attractive, but Not Repulsive, Olfactory Responses by Blocking MB Neurotransmission
(A–J) Olfactory responses to ethyl acetate (EA), mango, ethyl propionate (EP), methyl cyclohexanol (MCH), and benzaldehyde (BA) were tested
at (A, C, E, G, and I) high and (B, D, F, H, and J) low concentrations and at both permissive (18C, open bars) and restrictive temperatures
(30C, gray bars). A positive performance index (PI) indicates attraction, and a negative one indicates repulsion. The asterisk above any group
indicates significant difference from the corresponding group at 18C (P 
 0.05 for the Student’s t test). For each group, n  6.
repulsiveness no less than that of each of the individual attraction is not restricted to low odorant concentrations
and further supports the hypothesis that attraction isodors, we reasoned that the preference to 10% BA 
processed in the MB.40% OCT could only have resulted from its much
Because of their differential expression patterns instronger attractiveness than 10% BA and it should be
the MB, 201Y and 238Y have been used to dissect func-abolished by blocking MB output, as predicted in our
tions of different structures of the MB in olfactory learn-model. In fact, the preference for the odor mixture was
ing and memory, and similar behavioral differences tolargely abolished in 238Y/UAS-shits1 flies at 30C. This
those we described here have been observed [11, 13,demonstrates that the effect of blocking MB activities on
18]. McGuire et al. have found that while 3-min memory
of training with BA and OCT is impaired at a restrictive
temperature in 247/UAS-shits1 flies, which have shits1 ex-
pression probably in all MB neurons, it is unaffected in
201Y/UAS-shits1 flies [11]. Partial disruption of learning
in wild-type flies and partial rescue of short-term mem-
ory in a mutant by 201Y-directed expression of trans-
genes have also been observed in studies in which flies
are trained with either MCH and OCT [13] or MCH and
BA [18]. These results have contributed to a proposal
of a distinct function for the  lobe, where 201Y is prefer-
entially expressed, in learning or short-term memory.
Alternatively, these results can be interpreted as the
outcome of none or partial overlap of BA- and OCT-
activated MB neurons and MCH-activated MB neurons,
respectively, with neurons expressing 201Y. Such inter-
pretation agrees well with the lack of effect on attraction
to BA or the mixture of BA and OCT and partial disruption
of attraction to MCH in 201Y/UAS-shits1 flies at the re-
strictive temperature that we observed here.
The existence of separate tracts linking the AL with
Figure 3. Disruption of Olfactory Responses to Both Attractive and MB and LH [7, 8] provides a tantalizing prospect that
Repulsive Odors by Blocking Neurotransmission in ALs segregation of olfactory information may proceed along
shits1 was targeted to the AL with a Gal4 line, OK66, which was these tracts. Since PNs in the iACT are monoglomerular
expressed extensively in ALs and to a much lesser extent in MBs
(a PN innervating only a specific glomerulus in the AL),(inset). Raising the temperature from 18C (open bars) to 30C (gray
and most multiglomerular PNs (a PN innervating multiplebars) in OK66/UAS-shits1 disrupts both attraction and repulsion. For
glomeruli in the AL) are in the mACT and project exclu-each group, n  8. For statistical analysis, P 
 0.01 in the Student’s
t test (asterisk). The scale bar represents 20 m. sively to the LH [7, 8], it is highly possible that these
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tracts carry different aspects of olfactory information.
However, there is no other evidence at this stage to
suggest that attractive and repulsive olfactory informa-
tion are segregated respectively along the iACT and
mACT. Nevertheless, it would be interesting to find out
with electrophysiological recordings how PNs in the
mACT may respond to attractive and repulsive concen-
trations of an odorant.
In summary, our finding of the specific effect on odor-
driven attraction by blocking MB activity suggests that
attractive and repulsive olfactory information may be
processed in different places (processing for attraction
occurs in the MB, and processing for repulsion occurs
in the LH). Such segregation is in alliance with observa-
tions that olfactory avoidance and attraction appear to
be mediated by two separated circuits in C. elegans
[23], and that pleasant and unpleasant odors activate
different brain regions in human [24, 25]. In general, the
idea that distinct features of olfactory experience are
segregated at high levels of the brain is in accordance
with the principles of functional organizations in other
sensory systems such as visual and auditory systems
[1, 2, 26].
Experimental Procedures
Confocal Examination of Expression Patterns of Gal4 Lines
P-Gal4 lines were crossed with a UAS-GFP line, and the progeny
were examined for GFP expression. The fly brain was fixed in 4%
paraformaldehyde in PBS in a vacuumed chamber at 30C for 1 hr.
Under the same conditions, the brain was transferred to 2% Triton
X-100 4% paraformaldehyde in PBS for 1 hr. For nucleus counter-
staining, the brain was washed three times in PBS after treatment
with Triton. The brain was then treated with RNAase (50 g/ml in
PBS) for 1 hr, and after three 10-min washes in PBS, it was labeled
overnight with propidium iodide (20 g/ml in PBS). Afterwards, the
brain was mounted in FocusClear (PACGEN) and examined under
a confocal microscope.
Behavior Test
The olfactory behavior was examined in a T-maze machine that was
described in detail elsewhere [27]. The test was carried out in the
dark in a controlled environment (70% relative humidity, temperature
at 18C or 30C). Odorants were mixed with mineral oil at the speci-
fied dilutions, and the resulting odors were applied by bubbling air
through the mineral oil. A concentration at 103 corresponds to a
1000-fold dilution in mineral oil. The air flow was set at 250 ml/min.
About 100 flies were allowed to choose between air and odor or
between two odors for 1 min in the T-maze machine. Flies trapped
in each side of the T-maze were counted, and a performance index
was calculated. Performance Index  ([COR  0.5]/0.5) 	 100 
([COR 	 2]  1) 	 100. A score of zero indicates neutrality, while
a positive or a negative PI means that flies are attracted or repulsed,
respectively, by an odor. COR, the probability correct, was calcu-
lated as the number of flies choosing the attractive side divided by
the total number of flies in the T-maze.
AcknowledgmentsFigure 4. Disruption of Olfactory Responses at High Odorant Con-
centrations
We thank S. Yorozu for critically reading the manuscript. This work(A and B) Saturation of repulsiveness. Flies were forced to choose
was supported by the DART Foundation (Y.Z. and T.T.); Nationalbetween a 1	 and 2	 concentration of (A) OCT or (B) BA in the
Institutes of Health grants DC05784 (Y.Z.), MH062684 (T.K.), andT-maze. At low concentrations, flies prefer the lower-concentration
side (1	), as indicated by positive PIs. When the concentration
reaches a certain level, flies distribute equally in both the 1	 and
2	 sides (close-to-zero PIs), indicating that the repulsiveness has
become saturated. PIs for OCT at concentrations higher than 30% UAS-shits1 flies at 30C when flies were exposed to 10% BA versus
and for BA at concentrations higher than 4% are not significantly 10% BA  40% OCT. 201Y/UAS-shits1 flies were not affected by the
different from zero (P  0.05). temperature change. For each group, n 6. P
 0.01 in the Student’s
(C) Attraction to 10% BA  40% OCT was nearly abolished in 238Y/ t test (asterisk).
Current Biology
1904
MH066910 (T.T.); and a grant from the National Science Council 22. de Belle, J.S., and Heisenberg, M. (1996). Expression of Dro-
sophila mushroom body mutations in alternative genetic back-(Taiwan) (A.-S.C.).
grounds: a case study of the mushroom body miniature gene
(mbm). Proc. Natl. Acad. Sci. USA 93, 9875–9880.Received: August 6, 2003
23. Troemel, E.R., Kimmel, B.E., and Bargmann, C.I. (1997). Repro-Revised: September 16, 2003
gramming chemotaxis responses: sensory neurons define ol-Accepted: September 16, 2003
factory preferences in C. elegans. Cell 91, 161–169.Published: October 14, 2003
24. Zald, D.H., and Pardo, J.V. (1997). Emotion, olfaction, and the
human amygdala: amygdala activation during aversive olfactoryReferences
stimulation. Proc. Natl. Acad. Sci. USA 94, 4119–4124.
25. Gottfried, J.A., Deichmann, R., Winston, J.S., and Dolan, R.J.1. Livingstone, M., and Hubel, D. (1988). Segregation of form, color,
(2002). Functional heterogeneity in human olfactory cortex: anmovement, and depth: anatomy, physiology, and perception.
event-related functional magnetic resonance imaging study. J.Science 240, 740–749.
Neurosci. 22, 10819–10828.2. Zeki, S., and Shipp, S. (1988). The functional logic of cortical
26. Schreiner, C.E., Read, H.L., and Sutter, M.L. (2000). Modularconnections. Nature 335, 311–317.
organization of frequency integration in primary auditory cortex.3. Shipley, M.T., and Ennis, M. (1996). Functional organization of
Annu. Rev. Neurosci. 23, 501–529.olfactory system. J. Neurobiol. 30, 123–176.
27. Tully, T., and Quinn, W.G. (1985). Classical conditioning and4. Hildebrand, J.G., and Shepherd, G.M. (1997). Mechanisms of
retention in normal and mutant Drosophila melanogaster. J.olfactory discrimination: converging evidence for common prin-
Comp. Physiol. [A] 157, 263–277.ciples across phyla. Annu. Rev. Neurosci. 20, 595–631.
5. Korsching, S. (2002). Olfactory maps and odor images. Curr.
Opin. Neurobiol. 12, 387–392.
6. Strausfeld, N.J., Hansen, L., Li, Y., Gomez, R.S., and Ito, K.
(1998). Evolution, discovery, and interpretations of arthropod
mushroom bodies. Learn. Mem. 5, 11–37.
7. Stocker, R.F., Lienhard, M.C., Borst, A., and Fischbach, K.F.
(1990). Neuronal architecture of the antennal lobe in Drosophila
melanogaster. Cell Tissue Res. 262, 9–34.
8. Stocker, R.F. (1994). The organization of the chemosensory sys-
tem in Drosophila melanogaster: a review. Cell Tissue Res. 275,
3–26.
9. Davis, R.L. (1996). Physiology and biochemistry of Drosophila
learning mutants. Physiol. Rev. 76, 299–317.
10. Dubnau, J., Grady, L., Kitamoto, T., and Tully, T. (2001). Disrup-
tion of neurotransmission in Drosophila mushroom body blocks
retrieval but not acquisition of memory. Nature 411, 476–480.
11. McGuire, S.E., Le, P.T., and Davis, R.L. (2001). The role of Dro-
sophila mushroom body signaling in olfactory memory. Science
293, 1330–1333.
12. de Belle, J.S., and Heisenberg, M. (1994). Associative odor
learning in Drosophila abolished by chemical ablation of mush-
room bodies. Science 263, 692–695.
13. Connolly, J.B., Roberts, I.J., Armstrong, J.D., Kaiser, K., Forte,
M., Tully, T., and O’Kane, C.J. (1996). Associative learning dis-
rupted by impaired Gs signaling in Drosophila mushroom bod-
ies. Science 274, 2104–2107.
14. Heimbeck, G., Bugnon, V., Gendre, N., Keller, A., and Stocker,
R.F. (2001). A central neural circuit for experience-independent
olfactory and courtship behavior in Drosophila melanogaster.
Proc. Natl. Acad. Sci. USA 98, 15336–15341.
15. Kitamoto, T. (2001). Conditional modification of behavior in Dro-
sophila by targeted expression of a temperature-sensitive shi-
bire allele in defined neurons. J. Neurobiol. 47, 81–92.
16. Chen, M.S., Obar, R.A., Schroeder, C.C., Austin, T.W., Poodry,
C.A., Wadsworth, S.C., and Vallee, R.B. (1991). Multiple forms
of dynamin are encoded by shibire, a Drosophila gene involved
in endocytosis. Nature 351, 583–586.
17. Brand, A.H., and Perrimon, N. (1993). Targeted gene expression
as a means of altering cell fates and generating dominant phe-
notypes. Development 118, 401–415.
18. Zars, T., Fischer, M., Schulz, R., and Heisenberg, M. (2000).
Localization of a short-term memory in Drosophila. Science 288,
672–675.
19. Ayyub, C., Paranjape, J., Rodrigues, V., and Siddiqi, O. (1990).
Genetics of olfactory behavior in Drosophila melanogaster. J.
Neurogenet. 6, 243–262.
20. Wang, Y., Wright, N.J., Guo, H., Xie, Z., Svoboda, K., Malinow,
R., Smith, D.P., and Zhong, Y. (2001). Genetic manipulation of
the odor-evoked distributed neural activity in the Drosophila
mushroom body. Neuron 29, 267–276.
21. Devaud, J.M., Keane, J., and Ferrus, A. (2003). Blocking sensory
inputs to identified antennal glomeruli selectively modifies odor-
ant perception in Drosophila. J. Neurobiol. 56, 1–12.
